I. INTRODUCTION
Exchange coupling between antiferromagnetic (AF) and ferromagnetic (FM) thin film layers results in exchange bias from a unidirectional anisotropy imposed on the FM layer. The field shift of the magnetic hysteresis loop (exchange bias) is from unpinned FM spins having their field response inhibited from coupling to pinned AF spins; essentially AF domains provide a field-dependent torque on the FM film's domains. 1, 2 The magnetism of exchange bias in thin films has been capitalized on, for example, as a central component of read/write heads in hard drives, and is sure to remain technologically relevant for "spin-valve" devices such as magnetic random-access memory (MRAM). However, a detailed microscopic understanding of exchange bias is still lacking, and this has hindered the theoretical development of a comprehensive description. Recent neutron diffraction and scattering work 3 has shown that the AF domain size is little affected by the type of FM layer the AF layer is coupled to, and the AF domains are smaller than the AF layer thickness (laterally constrained), which indicates that the FM/AF interface is what dominates exchange bias magnetism. At the AF/FM interface, magnetic frustration arises, caused typically by the complex exchange interactions at the interface and the unavoidable atomic-scale interface roughness, 4 and this interface frustration is linked to both the exchange bias loop shift and an enhanced coercivity. 1, 2 A link between the exchange bias loop shift and pinned interfacial orbital moments in an uncompensated AF layer has been observed recently, 5 indicating a connection between spin-orbit coupling at the AF/FM interface and the requisite unidirectional anisotropy. To help further identify the relationships between changes in the interfacial orbital magnetism and exchange bias, we have examined the connection between the interfacial spin and orbital magnetism in a magnetically frustrated but compensated AF/FM interface; studying the FM interface's orbital magnetism.
We report on a Ni 80 Fe 20 /Mn multilayer system where the Mn is ∼20 monolayers thick. By combining the overall magnetic behavior with local, element specific magnetism from x-ray magnetic circular dichroism (XMCD) measurements, we are able to provide insights into the nature of the interfacial exchange coupling. Magnetometry and susceptometry experiments have shown that the Mn layers order at ∼100 K, in good agreement with the bulk T N of α-Mn 6 while the preferred orientation and thickness place the Mn layers in the noncollinear spin order regime. 4 Field cooling the system resulted in exchange bias loop shifts at temperatures from 2 to ∼30 K and an enhanced coercivity remained until 75 K. XMCD spectra showed that the Mn appeared to be a fully compensated AF down to 20 K, with no measured magnetization that would be expected from canted interfacial moments. 7 The XMCD spectra presented a (effectively) local probe of the orbital and spin moments of the 3d transition metals, and by sum rule analysis 8, 9 we quantified Fe and Ni magnetizations with different temperature dependencies between 20 and 300 K. Enhanced orbital moments for the Fe and Ni between 20 and 300 K, despite exchange bias only occurring below 30 K, were observed. These results point to a direct coupling between overlapping d orbitals between Fe-Mn and Ni-Mn, and this coupling drives the enhanced coercivity in concert with Mn interface magnetism from the intrinsic topological disorder that enabled the exchange coupling, resulting in exchange bias below 30 K.
II. EXPERIMENTAL METHODS

A dual ion-beam deposition technique
10 was used to prepare three Ni 80 Fe 20 (3.5 nm)/Mn (3.5 nm) layers on a SiO 2 substrate. A Kaufman source using 800 V and 7.5 mA was used to focus an argon ion beam onto a commercial Ni 80 Fe 20 (at.%) or Mn target surface. An End-Hall source at 100 V and 500 mA was used to clean the substrate before deposition in an Ar atmosphere. No external field was applied during deposition. A Ni 80 Fe 20 capping layer (the final of three) was used to prevent oxidation of the Mn. X-ray reflectivity measurements were done with a Huber eight-circle diffractometer at beamline BL07A at the National Synchrotron Radiation Research Center (NSRRC) in Taiwan. A JEOL (JEM-2100F) field-emission transmission electron microscope (TEM) operating at 200 kV was used for the microstructural analysis. Magnetic measurements were performed with a commercial superconducting quantum interference device (SQUID) magnetometer (Quantum Design). Element specific magnetic measurements were done at the Dragon beamline (BL11A) at the NSRRC in a liquid helium cryostat with the film mounted on carbon tape onto a cold-finger. The Fe and Ni L 3,2 x-ray absoprtion (XAS) and XMCD spectra were recorded with an energy resolution of 0.25 eV. Single crystalline Fe 2 O 3 (hematite) and NiO were measured simultaneously to serve as energy references for calibrating the incident photon energy at the L edges, with an accuracy of better than 0.01 eV for all temperature-dependent measurements. The XMCD spectra the were obtained by altering the direction of the applied magnetic field (±3 kOe) in the fixed helicity of the incident beam after field-cooling the film with an applied field of 10 kOe. The degree of circular polarization of the incident beam was 85%. All the spectra were recorded using the total electron yield method (by measuring the sample drain current) in a chamber with a base pressure of 1 × 10 −9 mbar.
III. RESULTS AND DISCUSSION
Transmission electron microscopy images ( (222) orientation in the Mn layers was observed in the x-ray diffraction pattern (not shown), while a fit using PARRATT32 13 to an x-ray reflectivity scan (not shown) identified three 3.5 ± 0.2 nm thick Ni 80 Fe 20 layers and three 3.5 ± 0.3 nm thick Mn layers having interface roughnesses of 0.5 ± 0.1 nm.
The results of x-ray absorption spectroscopy (XAS) measurements around the L 3,2 transitions of Fe (680-800 eV), Ni (830-930 eV), and Mn (620-690 eV) at 300 K are shown in Fig. 1(d) . Similar results were collected at temperatures down to 20 K. The total electron yield (TEY) spectrum of the Fe L 3,2 transition showed two main structures. Centered at E ∼ 709 eV the L 3 transition was observed, followed by the less intense L 2 transition peak centered at E ∼ 722 eV. The TEY spectrum of the Ni revealed the L 3 transition at E ∼ 852 eV and the L 2 transition at E ∼ 870 eV. The spectral features of the Fe and Ni, in addition to the weak "post-peak" at ∼860 eV in the Ni XAS spectrum, were consistent with previous measurements of Ni 80 Fe 20 films.
14 For the Mn TEY spectrum, the L 3 and L 2 transition peaks were at E ∼ 640 eV and E ∼ 649 eV, respectively, and their spectral shapes were typical of a Mn film layer.
14 The XAS measurements indicated that no apparent atomic intermixing occurred between the Ni 80 Fe 20 and Mn. While finite-size effects would likely reduce the Curie (T C ) temperature of the Ni 80 Fe 20 film layers from the bulk value of ∼800 K, 15 T C should have remained well above the maximum measuring temperature of the experiments (∼300 K). 16 However, finite-size and exchange-coupling effects may have altered the magnetic ordering in the antiferromagnetic Mn layer. 17 The temperature dependence of the AC susceptibility, after zero-field-cooling, using 2.5 Oe 10-1 kHz oscillation measuring fields is shown in Fig. 2 , showing a T N ∼ 100 K for the Mn film component. At low-to-intermediate temperatures the in-phase (χ AC ) and out-of-phase (χ AC ) components were essentially temperature and frequency independent, indicating that the Mn layer spin moments were static and ordered. Between ∼ 50 to 100 K, with warming, there was a marked increase in χ AC (T ) and χ AC (T ). We attribute this behavior to Mn spins in the smaller crystallites first undergoing a shift from a static, frozen configuration towards a fluctuating arrangement, since they require less thermal energy to excite fluctuations. With further warming larger Mn crystallites began to thaw and contribute to the frequency and amplitude increase in χ AC (T ) and χ AC (T ). The rapid increase in χ AC (T ) (the dissipative signal) between 50 and 100 K also indicated the high-temperature limit below which hysteretic processes were likely to occur. 18 Finally, above 100 K χ AC (T ) was essentially constant upon further warming. The measured T N ∼ 100 K was in excellent agreement with the T N of bulk Mn. 6, 19 The magnetism of the Mn crystallites and their coupling to the Ni 80 Fe 20 layers were also observed in the low field magnetization's (M) temperature dependence after zero-fieldcooling (ZFC) and field-cooling (FC), presented in Fig. 3 Figure 5 shows the XAS normalized TEY x-ray magnetic circular dichroism (XMCD) spectra at 20 K after the film was field-cooled from 300 K. Spectral peaks in the Fe XMCD at E ∼ 708 and ∼721 eV corresponded to the L 3 and L 2 magnetically coupled spin transitions, while the Ni XMCD presented peaks at E ∼ 853 and ∼ 871 eV from the L 3 and L 2 transitions as well. These results were in good agreement with elemental magnetism of NiFe films. 25 The XMCD spectra of the Fe and Ni exhibited the same field-polarity dependence, demonstrating that their elemental magnetizations were parallel to each other. XMCD measurements over the Mn L 3,2 energy range provided no clear evidence of an elemental magnetization. This result was consistent with a fully compensated Mn AF layer since the circularly polarized photons could not distinguish between the magnetization of equal numbers of parallel and antiparallel Mn moments in an applied field irrespective of its polarity; the [Ni 80 Fe 20 /Mn] 3 film was an exchange biased system with apparently fully compensated AF spin planes. 1, 2 To quantify the temperature dependence of the elemental magnetism, the XMCD spectra were analyzed using the spectral sum rules following the prescription described in Ref. 28 to estimate the ratios of the orbital-to-spin elemental moments (i.e., m orbital /m spin ) of the Ni and Fe. With the positive applied field parallel to the incident beam polarization (I + ) and the negative applied field antiparallel to the incident beam polarization (I − ), the sum rules for the orbital and spin
where L 3,2 describe the range over which the energy was integrated, n 3d the 3d electron occupation number of the measured element, T z the expectation value of the magnetic dipole operator, and S z the expectation value of the spin operator. Simplifying terms, we described the linearly polarized XAS spectrum by r = L 3 +L 2 (I − + I + )dω over
To ascertain m orbital /m spin from a spectrum, we see that, as expected, the XAS information is not relevant to the XMCD spectrum, and we can recast and simplify Eqs. (1) and (2) to m orbital = −4q(10 − n 3d )/3r and m spin = −(6p − 4q)(10 − n 3d )/3r. T z and S z have been shown to describe the integrated XAS spectrum at energies above and below the L 3,2 absorption edges 29 and are not helpful in ascertaining the orbital-to-spin moment ratio, and we see that essentially the integrated areas under the (Fig. 4) , while the Ni m orbital /m spin (T ) continued its essentially monotonic increase with decreasing temperature. This behavior offers further evidence that a strengthened Fe-Mn 3d-orbital coupling existed at the interface of the Mn and Ni 80 Fe 20 .
An increase in the interfacial orbital moment has been observed in Co/CoO bilayers 30 that was attributed to intermixing of Co and CoO that resulted in uncompensated Co 2+ moments that were superexchange coupled to the CoO, introducing a local increase in the magnetic anisotropy. Since Fe-Mn and Ni-Mn intermixing was unlikely to occur due to the deposition method, and no intermixing was observed in the XAS spectra, we postulate that the observed increase in the relative orbital magnetism of the Fe and Ni with the onset of long-range magnetic order in the Mn layer created AF domains and enabled exchange coupling, due to the onset of spin compensation between the Fe d 6 20 and the XMCD measurements were performed in a field more than sufficient to ensure saturation so that thermal fluctuation effects due to nanocrystallites should not present themselves, the origin of m orbital /m spin (T ) shown in Fig. 5 should be from the Mn layers. However, below T N ∼ 100 K where the significant enhancement of m orbital /m spin was observed, the Mn magnetization should have been essentially temperature independent 19 with no changes in the Mn lattice once it stiffened below T N . 19 Therefore, we propose that the (frustrated) Mn moments at the interface were coupled to the Ni and Fe and drove the enhanced ferromagnetism. The thermal fluctuations of the Mn domains [hinted at by the weak frequency dependence of χ AC (T ) observed below T N ] decreased with cooling so that their timeaveraged magnetization increased, increasing the effective coupling as reflected in the increasing m orbital /m spin (T ) of Fe and Ni with cooling. This coupling, and the Mn AF domains, precluded any observation of a canted Mn magnetization (i.e., no Mn XMCD signal). Furthermore, the orbital coupling discussed above resulted in an enhanced local anisotropy at the interface that could be present only below T N . The increase in the local, interfacial anisotropy of the FM layer was reflected in an enhanced H c (T ) (Fig. 4) in concert with the temperature regime where m orbital /m spin (T ) began to exhibit a marked increase.
IV. CONCLUSIONS
In summary, we have characterized the overall and elemental magnetism in a Ni 80 Fe 20 /Mn trilayer film system where each layer was 3.5 nm thick. Magnetometry and susceptometry experiments have shown that the Mn layers order at the ∼100 K T N of α-Mn. The preferred orientation and thickness place the Mn layers in the noncollinear spin order regime. Field-cooling the system results in the presence of exchange bias loop shifts at temperatures from 2 to ∼30 K, and an enhanced coercivity remains until 75 K. By 300 K only the Ni 80 Fe 20 magnetism was present. Most interesting were the results of the elemental magnetism ascertained from x-ray magnetic circular dichroism measurements. The Mn appeared to be a fully compensated antiferromagnet, with no measured magnetization that would be expected from interfacial, canted noncollinear moments. 7, 16, 17 However, the elemental Fe and Ni magnetizations presented different temperature dependencies between 20 and 300 K, and there was clear evidence of an enhanced orbital moment for both the Fe and Ni despite exchange coupling only occurring below 30 K. This magnetism was likely due to overlapping of the d orbitals between Fe-Mn and Ni-Mn, and this coupling drove the enhanced coercivity. The Mn interface frustration driven by intrinsic topological disorder enabled the exchange coupling resulting in exchange bias.
